Transcription profile microarray analysis in Escherichia coli was performed to identify the member genes of the Mg 2؉ stimulon that respond to the availability of external Mg 2؉ in a PhoP/PhoQ two-component systemdependent manner. The mRNA levels of W3110 in the presence of 30 mM MgCl 2 , WP3022 (phoP defective), and WQ3007 (phoQ defective) were compared with those of W3110 in the absence of MgCl 2 . The expression ratios of a total of 232 genes were <0.75 in all three strains (the supplemental data are shown at http://www.nara-.kindai.ac.jp/nogei/seiken/array.html), suggesting that the PhoP/PhoQ system is involved directly or indirectly in the transcription of these genes. Of those, 26 contained the PhoP box-like sequences with the direct repeats of (T/G)GTTTA within 500 bp upstream of the initiation codon. Furthermore, S1 nuclease assays of 26 promoters were performed to verify six new Mg 2؉ stimulon genes, hemL, nagA, rstAB, slyB, vboR, and yrbL, in addition to the phoPQ, mgrB, and mgtA genes reported previously. In gel shift and DNase I footprinting assays, all of these genes were found to be regulated directly by PhoP. Thus, we concluded that the phoPQ, mgrB, mgtA, hemL, nagA, rstAB, slyB, vboR, and yrbL genes make up the Mg 2؉ stimulon in E. coli.
The two-component system is the most prevalent signal transduction mechanism that mediates bacterial responses to environmental stimuli. The two-component system typically consists of a sensor protein and a regulatory protein. Each sensor monitors a particular environmental signal and responds by modifying the phosphorylated state of its response regulator. The affinity of the response regulator for promoters is controlled by phosphorylation, ultimately leading to transcription activation of a distinct set of the stress response genes. Eubacterial species such as Escherichia coli and Bacillus subtilis harbor Ͼ30 two-component systems, each of which responds to a different signal in the environment (2, 9) . However, the specific ligand that is recognized by each sensor protein remains unidentified.
The PhoP/PhoQ two-component system was first recognized in Salmonella enterica serovar Typhimurium as a regulatory system that monitors the availability of extracellular Mg 2ϩ (3, 5) . The PhoQ protein functions as an Mg 2ϩ sensor (3) and, in the presence of micromolar concentrations of Mg 2ϩ , phosphorylates the PhoP regulator. Phosphorylated PhoP activates the transcription of some 30 different genes (13, 14) . The PhoP/PhoQ system is present in many nonpathogenic, gramnegative bacteria, suggesting that it plays a fundamental physiological role in the response to Mg 2ϩ starvation (4, 5) . However, the mechanism by which the PhoP transcription factor regulates the Mg 2ϩ response genes remains poorly understood. Previously, we identified the tandem direct repeats of the sequence (T/G)GTTTA, which we designated the PhoP box, in promoters of the Mg 2ϩ -responsive phoPQ, mgtA, and mgrB genes of E. coli K-12 (7) . A search of the entire E. coli genome sequence for the (T/G)GTTTA-5bp-(T/G)GTTTA or TAGTTA-5bp-(T/G)GTTTA motif detected four additional genes, vboR, ydcD, an fimD homolog, and yrbL (7) . In order to identify the member genes of the Mg 2ϩ stimulon in E. coli, we carried out in this study a genomewide transcription profile analysis in the presence or absence of MgCl 2 by using a DNA microarray. The dependency on the PhoP/PhoQ two-component system was also examined by using E. coli mutants lacking phoP or phoQ. The sequence-activity relationship was analyzed for all of the Mg 2ϩ response promoters herein identified.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this work were E. coli K-12 derivatives ( (7) to the recipient W3110, respectively. They were cultured at 37°C in Luria-Bertani (LB) medium in the presence or absence of 30 mM MgCl 2 .
RNA isolation, cDNA labeling, and hybridization to DNA microarrays. To prepare total RNA for DNA microarray analysis, overnight cultures were diluted 100-fold in 30 ml of LB medium in the presence or absence of 30 mM MgCl 2 and grown to an optical density at 600 nm (OD 600 ) of 0.3 to 0.4 (approximately 8 ϫ 10 7 cells/ml) at 37°C. Subsequent purification steps were carried out as described previously (7) . The resulting total RNA preparations were treated with RNasefree DNase I (Takara Co.) in accordance with the manufacturer's protocol. The RNA preparations from each sample were used as the template for cDNA preparations, labeled with Cy3-dUTP or Cy5-dUTP (Amersham Pharmacia), and hybridized to E. coli DNA microarrays (IntelliGene E. coli CHIP Version beta; Takara Shuzo Company, Ohtsu, Japan). The corrected intensities of duplicate spots were averaged as described previously (11, 12) .
Preparation of the labeled promoter fragments for S1 nuclease and gel shift assays. The 32 P-labeled probes were generated by PCR amplification with the primer pairs shown in Table 2 . Primers PH3, MGR4, BGR2, HEM2, NAG2, RST2, SLY2, YRL-R, and BOR3 were labeled with 10 Ci of [␥-32 P]ATP (5,000 Ci/mmol) by T4 polynucleotide kinase (Toyobo). E. coli W3110 genome DNA (100 ng) was used as the template for Ex Taq DNA polymerase (Takara). The PCR product with 32 P at its termini was recovered from a polyacrylamide gel and then used for S1 nuclease and gel shift assays. S1 nuclease assay. RNA was prepared as described previously (7) . The labeled promoter fragment was incubated with 100 g of total RNA in hybridization buffer (80% formamide,0.4 M NaCl, 20 mM HEPES [pH 6.4]) at 75°C for 10 min, followed by further incubation at 37°C overnight and then digested with S1 nuclease. The undigested DNA was precipitated by ethanol, dissolved in formamide dye solution (95% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol), and analyzed by electrophoresis on a 6% polyacrylamide gel containing 8 M urea.
Purification of PhoP. His-tagged PhoP for gel shift and DNA footprinting assays was purified as described previously (16) .
Gel shift assay. The 32 P-labeled probes for the S1 nuclease assay were also used in the gel shift assay. The probe was incubated at 37°C for 10 min with the purified His-tagged PhoP (0 to 20 pmol) and bovine serum albumin (BSA; 100 pmol) in binding buffer (5 mM CaCl 2 , 3 mM MgCl 2 ). After addition of the DNA dye solution (40% glycerol, 0.025% bromophenol blue, 0.025% xylene cyanol), the mixtures were directly subjected to 6% polyacrylamide gel electrophoresis (pH 6.0).
DNase I footprinting assay. The 32 P-labeled probe was incubated at 37°C for 10 min with purified, His-tagged PhoP in 25 l of 50 mM Tris-HCl (pH 7.8)-50 mM NaCl-3 mM magnesium acetate-5 mM CaCl 2 -0.1 mM EDTA-0.1 mM dithiothreitol-25 g of BSA per ml. After incubation for 10 min, DNA digestion was initiated by the addition of 5 ng of DNase I (Takara). After digestion for 30 s at 25°C, the reaction was terminated by the addition of 45 l of DNase I stop solution (20 mM EDTA, 200 mM NaCl, 1% sodium dodecyl sulfate, 250 g of yeast tRNA per ml). Digested products were precipitated by ethanol, dissolved in formamide dye solution, and analyzed by electrophoresis on a 6% polyacrylamide gel containing 8 M urea.
Computer search for the PhoP box. The DNA sequences 500 bp upstream of the initiation codon of 232 genes, which were estimated by DNA microarray analysis, were obtained from GenoBase (http://ecoli.aist-nara.ac.jp). The PhoP box (TGTTTANNNNN TGTTTA) was searched for within their sequences with GENETYX-MAC (Software Development Co., Ltd.) set up with a 2-bp mismatch.
RESULTS AND DISCUSSION
DNA microarray-based identification of Mg 2؉ -responsive genes controlled by the PhoP/PhoQ two-component system. To search for the member genes of the Mg 2ϩ stimulon of E. coli, wild-type strain W3110 was grown in LB medium in the presence or absence of 30 mM MgCl 2 and genomewide transcription profiles were analyzed with DNA microarrays. On addition of external Mg 2ϩ , the mRNA levels for a number of genes were markedly reduced. To identify whether these genes are under the control of the PhoP/PhoQ two-component system, the microarray assay was also performed for both WP3022 (phoP disruptant) and WQ3007 (phoQ disruptant) in the absence of MgCl 2 and the transcription profiles were compared with that of W3110. A total of 232 genes, whose expression ratios were Ͻ0.75, were found to be repressed by the addition . After sequence analysis of 500-bp-long promoter regions upstream from the ATG initiation codon of all of these genes, a total of 26 genes, including the previously identified phoPQ, mgtA, and mgrB genes (7), were found to possess a PhoP box with the consensus sequence (T/G)GTTTA-N 5 -(T/G)GTTTA (Table 3) . To validate these putative Mg 2ϩ -responsive genes regulated by PhoP/PhoQ, an S1 nuclease assay was performed for all 26 genes. In addition to the previously identified phoPQ, mgtA, and mgrB genes (7), six other genes (hemL, nagA, rstAB, slyB, vboR, and yrbL) were found to be repressed in the presence of high concentrations of extracellular Mg 2ϩ (Fig. 1) . mRNAs for these genes were detected in W3110 but not in WP3022 or WQ3007. In each case, Mg 2ϩ -dependent repression required the presence of both PhoP and PhoQ (Fig. 1) . In the promoter regions of all of these Mg 2ϩ -responsive genes, the consensus PhoP box was identified (Fig. 2) . The corresponding genes of S. enterica serovar Typhimurium (phoPQ, mgtA, STM1839, hemL, nagA, rstAB, slyB, and STM35040) also carry the PhoP box sequence in the respective promoter regions (Fig. 2) .
Recently, Oshima et al. (11) published the transcription profile for an E. coli mutant defective in the PhoP/PhoQ twocomponent system as determined by DNA microarray analysis. The expression of at least 28 genes, including rstAB, slyB, vboR, and yrbL, was decreased in the phoP/phoQ mutant, but it remained to be determined whether these genes respond to the availability of Mg 2ϩ in the external environment. In an S1 nuclease assay, the mRNA levels of three genes, sfcA, gppA, and srlD, decreased in the presence of Mg 2ϩ , but this reduction was not observed even with the phoP and phoQ mutants (data not shown). These genes are not under direct control of the PhoP/PhoQ system. In fact, the PhoP box sequence is not present in these promoters. These results, together, indicate that the presence of a PhoP box is important for PhoP/PhoQdependent transcription of the Mg 2ϩ stimulon genes. Gel shift assay of PhoP-binding activity for the Mg 2؉ -responsive gene promoters. Recently, we found that the purified PhoP protein specifically binds in vitro to the PhoP box located within the mgtA promoter region (16) . To check whether the PhoP protein can also bind to the PhoP box associated with the newly identified Mg 2ϩ -responsive genes, we carried out gel shift assays with DNA fragments from the promoters from these nine genes (phoPQ, mgtA, mgrB, hemL, nagA, rstA, slyB, vboR, and yrbL). All nine of the DNA probes used were retarded to form a single band of the probe DNA-PhoP protein complex (Fig. 3) . The minimum concentration of PhoP protein required to convert all of the input probes to PhoP complexes was, however, different among the nine promoters, suggesting differences in their affinity to PhoP. We quantified the amount of PhoP needed to bind half of the probe amount used in gel shift assay (Table 4) . PhoP binds the promoters of two genes (mgtA and vboR) with the highest affinity. Among the remain- ing six promoters, probes of hemL and nagA showed the lowest affinity. DNase I footprinting of PhoP-binding sites within the Mg 2؉ -responsive gene promoters. Next, we tried to identify the precise site of PhoP binding by using a DNase I footprinting assay. As expected, the purified PhoP protein was found to bind the PhoP box region of phoPQ, mgtA, mgrB, rstAB, slyB, vboR, and yrbL (Fig. 4) . In the nagA, phoPQ, mgtA, mgrB, rstAB, slyB, and vboR promoters, PhoP also bound to the PhoP box in the simultaneous presence of RNA polymerase (data FIG. 1. S1 nuclease assays. E. coli W3110 (wild type), WP3022 (phoP defective), and WQ3007 (phoQ defective) were grown in LB medium to early exponential phase (OD 600 , 0.3 to 0.4) in the presence (ϩ) or absence (Ϫ) of 30 mM MgCl 2 . S1 nuclease mapping was carried out to determine the transcription start sites of phoPQ (a), mgtA (b), mgrB (c), hemL (d), nagA (e), rstAB (f), slyB (g), yrbL (h), and vboR (i). Electrophoresis was performed with a 6% acrylamide sequencing gel. Lanes AϩG represent Maxam-Gilbert sequencing reactions. Arrowheads show the transcripts protected from nuclease digestion. Transcription start sites are marked with asterisks. stimulon of E. coli (Fig. 5) . The PhoP-PhoQ system responds to changes in the external Ca 2ϩ level, as well as changes in the external Mg 2ϩ level (3) . In fact, we found that the phoPQ P1 promoter responds to FIG. 4 . DNase I footprinting assays. Coding (b, mgtA; c, mgrB; e, slyB) and noncoding (a, phoPQ; d, rstAB; f, yrbL; g, vboR) strands containing the PhoP box region were labeled with 32 P at the 5Ј end, incubated with various amounts of purified PhoP (lanes 1, 2, 3, 4, and 5 contain 0, 10, 20, 40, and 80 pmol, respectively), and subjected to DNase I footprinting assays. The DNA probes described in Fig. 1 (1, 15) , CusS/CusR (10), SilS/SilR (6), and NrsS/ NrsR (8), respectively. These metal-responsive promoters also contain inverted or direct repeat sequences encompassing 5 bp. The binding of the respective regulatory proteins to these sequences is currently being examined. The signal transduction systems triggered by extracellular metal ions should be good models with which to obtain insights into the global network of bacterial gene expression.
